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 ?

+LJK7KURXJKSXW /RZ/RVV /RZ&RVW DQG /DEHO)UHH &HOO
6HSDUDWLRQ XVLQJ (OHFWURSK\VLRORJ\ $FWLYDWHG &HOO (QULFKPHQW
(3$&(
6KDEQDP $)DUDJKDW.DL)+RHWWJHV0D[.6WHLQEDFK'DDQ YDQGHU
9HHQ:LOOLDP-%UDFNHQEXU\(ULQ$+HQVOHH)DWLPD+/DEHHG0LFKDHO
3+XJKHV
&HQWUH IRU %LRPHGLFDO (QJLQHHULQJ 'HSDUWPHQW RI 0HFKDQLFDO (QJLQHHULQJ 6FLHQFHV
8QLYHUVLW\RI6XUUH\*XLOGIRUG6XUUH\*8;+8QLWHG.LQJGRP
+RFKVFKXOH)UHVHQLXV/LPEXUJHU6WU,GVWHLQ*HUPDQ\
6FKRRORI%LRVFLHQFHV8QLYHUVLW\RI6XUUH\*XLOGIRUG6XUUH\*8;+8QLWHG.LQJGRP
'HSDUWPHQWRI%LRORJ\8QLYHUVLW\RI<RUN+HVOLQJWRQ<RUN<2''8.
3UHVHQW DGGUHVV 'HSDUWPHQW RI (OHFWURQLF DQG (OHFWULFDO (QJLQHHULQJ 8QLYHUVLW\ RI
/LYHUSRRO0HUVH\VLGH/%;
&RUUHVSRQGLQJDXWKRU(PDLOPKXJKHV#VXUUH\DFXNWHO
&ODVVLILFDWLRQ
3K\VLFDOVFLHQFHVDSSOLHGSK\VLFDOVFLHQFHV
%LRORJLFDOVFLHQFHVDSSOLHGELRORJLFDOVFLHQFHV
.H\ZRUGV
0$&6)$&6GLHOHFWURSKRUHVLVGLHOHFWURSKRUHWLF'(3

 ?


$EVWUDFW&XUUHQWO\ FHOO VHSDUDWLRQRFFXUVDOPRVW H[FOXVLYHO\E\GHQVLW\JUDGLHQWPHWKRGV
DQG E\ IOXRUHVFHQFH DQG PDJQHWLFDFWLYDWHG FHOO VRUWLQJ )$&60$&6 7KHVH YDULRXVO\
VXIIHUIURPODFNRIVSHFLILFLW\KLJKFHOO ORVVXVHRI ODEHOVDQGKLJKFDSLWDORSHUDWLQJFRVW
:HSUHVHQWDGLHOHFWURSKRUHVLV'(3EDVHGFHOOVHSDUDWLRQPHWKRGXVLQJ'HOHFWURGHVRQD
ORZFRVWGLVSRVDEOHFKLSRQHFHOOW\SHLVDOORZHGWRSDVVWKURXJKWKHFKLSZKLOVWWKHRWKHULV
UHWDLQHGDQGVXEVHTXHQWO\UHFRYHUHG7KHPHWKRGDGYDQFHVXVDELOLW\DQGWKURXJKSXWRI'(3
VHSDUDWLRQE\RUGHUVRIPDJQLWXGHLQWKURXJKSXWHIILFLHQF\SXULW\UHFRYHU\FHOOVDUULYLQJLQ
WKH FRUUHFW RXWSXW IUDFWLRQ FHOO ORVVHV WKRVH ZKLFK DUH XQDFFRXQWHG IRU DW WKH HQG RI WKH
VHSDUDWLRQDQGFRVW  7KHV\VWHPZDVHYDOXDWHGXVLQJ WKUHHH[DPSOHVHSDUDWLRQV OLYHDQG
GHDG \HDVW KXPDQ FDQFHU FHOOVUHG EORRG FHOOV DQG URGHQW ILEUREODVWVUHG EORRG FHOOV $
VLQJOHSDVV SURWRFRO FDQ HQULFK FHOOV ZLWK FHOO UHFRYHU\ RI XS WR  DW RYHU 
FHOOVVHFRQGZLWK!FHOOORVV$WZRSDVVSURWRFROFDQSURFHVVFHOOVLQXQGHU
 PLQXWHV ZLWK FHOO UHFRYHU\ RI XS WR  DQG FHOO ORVVHV EHORZ  DQ HIIHFWLYH
SURFHVVLQJ UDWH ! FHOOVVHFRQG $ WKUHHVWHS SURWRFRO LV VKRZQ WR EH HIIHFWLYH IRU
UHPRYDORIRI5%&VVSLNHGZLWKFDQFHUFHOOVZKLOVWPDLQWDLQLQJDSURFHVVLQJUDWH
RI a FHOOVVHFRQG   )XUWKHUPRUH WKH VHOIFRQWDLQHG DQG ORZFRVW QDWXUH RI WKH
VHSDUDWRU GHYLFH PHDQV WKDW LW KDV SRWHQWLDO DSSOLFDWLRQ LQ ORZFRQWDPLQDWLRQ DSSOLFDWLRQV
VXFKDVFHOOWKHUDSLHVZKHUH*03FRPSDWLELOLW\LVRISDUDPRXQWLPSRUWDQFH
6LJQLILFDQFH VWDWHPHQW   &HOO VHSDUDWLRQ LV D IXQGDPHQWDO SURFHVV LQ ELRPHGLFLQH EXW LV
SUHVHQWO\ FRPSOLFDWHG FXPEHUVRPH DQG H[SHQVLYH  :H SUHVHQW D WHFKQLTXH WKDW FDQ VRUW
FHOOVDWDUDWHHTXLYDOHQWWRRUIDVWHUWKDQJROGVWDQGDUGWHFKQLTXHVVXFKDV)$&6DQG0$&V
EXWFDQGRODEHOIUHHDQGZLWKYHU\ORZFHOOORVV7KHV\VWHPXVHVGLHOHFWURSKRUHVLV'(3WR
VRUW FHOOV HOHFWURVWDWLFDOO\ XVLQJ D QRYHO HOHFWURGH FKLS WKDW HVFKHZV PLFURIDEULFDWLRQ LQ
IDYRXU RI D ODPLQDWH GULOOHG ZLWK  HOHFWURGHEHDULQJ ZHOOV  7KLV KLJK OHYHO RI
 ?

SDUDOOHOLVDWLRQPDNHV WKH V\VWHP LPPXQH WR WKHEXEEOHV WKDW OLPLW ODEVRQFKLSZKLOVW DOVR
LQFUHDVLQJFDSDFLW\DQGWKURXJKSXWWRXQSUHFHGHQWHGOHYHOVZKLOVWWKHFKLSLVFKHDSHQRXJK
WREHGLVSRVDEOHSUHYHQWLQJLQWHUVHSDUDWLRQFRQWDPLQDWLRQ

 ?

ERG\
,QWURGXFWLRQ
6LQFH WKH VHSDUDWLRQ RI UHG DQG ZKLWH EORRG FHOOV ZDV ILUVW UHSRUWHG LQ   WKH
WHFKQRORJ\KDVEHFRPHIXQGDPHQWDO LQ WKHELRPHGLFDOVFLHQFHV)URP LVRODWLRQRIGLVHDVHG
WLVVXHWRWKHLGHQWLILFDWLRQRIFHOOVIRUWKHUDSHXWLFXVHVDQGWKHSRWHQWLDOIRUUHJHQHUDWLYHFHOO
EDVHGWKHUDSLHVFHOOVHSDUDWLRQWHFKQLTXHVDUHLQFUHDVLQJO\LQWHJUDWHGLQWRRWKHUILHOGVVXFKDV
ELRFKHPLVWU\ HOHFWULFDO HQJLQHHULQJ SK\VLFV DQG PDWHULDOV VFLHQFH   7KUHH PHWKRGV
GRPLQDWHFHOOVHSDUDWLRQ 'HQVLW\JUDGLHQWPHWKRGVH[SORLWVGLIIHUHQFHVLQGHQVLW\EHWZHHQ
SRSXODWLRQVVXFKDVUHGZKLWHEORRGFHOOV )OXRUHVFHQWO\DFWLYDWHGFHOOVRUWLQJ)$&6XVHV
IOXRURSKRUHFRQMXJDWHG DQWLERGLHV DV D GLVFULPLQDWRU FHOOV DUH ODXQFKHG LQ GURSOHWV HDFK
FRQWDLQLQJRQHFHOO WKURXJKD IOXRUHVFHQFHGHWHFWLRQV\VWHP WRGHWHUPLQH WKHFHOO W\SHDQG
DUHWKHQHOHFWURVWDWLFDOO\GLYHUWHGLQWRGLIIHUHQWRXWSXWUHFHSWDFOHV)$&6FDQVRUWXSWR
 FHOOV SHU VHFRQG ZLWK KLJKHU UDWHV DFKLHYDEOH DW WKH FRVW RI SXULW\ )LQDOO\
PDJQHWLFDOO\DFWLYDWHG FHOO VRUWLQJ 0$&6 XVHV PDJQHWLF PLFUREHDGV FRQMXJDWHG ZLWK
DQWLERGLHV7KHVHELQGWRWDUJHWVRQFHOOVXUIDFHVZKLFKWKHQFDQEHH[WUDFWHGE\DSSO\LQJD
PDJQHWLFILHOG
+RZHYHUWKHWKUHHPHWKRGVKDYHGUDZEDFNV2QO\GHQVLW\JUDGLHQWGRHVQRWUHTXLUHWKHXVH
RI FKHPLFDO ODEHOV WKHRWKHUVXVH IOXRUHVFHQW FKHPLFDOVRU DQWLERGLHV WR LQGLFDWH WKH WDUJHW
SRSXODWLRQ7KHVHDUHH[SHQVLYHDQGPD\KDYHOLPLWHGVSHFLILFLW\LQWKHFDVHRI0$&6WKH
WDUJHWSURWHLQmustEHSUHVHQWRQWKHVXUIDFHRIWKHFHOOV)ROORZLQJVHSDUDWLRQWKHODEHOVPD\
DOVRSHUVLVWLQWKHFHOOVOLPLWLQJWKHLUXVHIXOQHVV&HOOORVVHVLQ)$&6DQG0$&6FDQH[FHHG
KDOI WKH SRSXODWLRQ SDUWLFXODUO\ DW KLJK VRUWLQJ UDWHV   )$&6 PDFKLQHV SDUWLFXODUO\
KLJKWKURXJKSXW GHYLFHV DUH YHU\ H[SHQVLYH DQG DUH QRW HDVLO\ FOHDQHG UHQGHULQJ FHOO
SRSXODWLRQV VHSDUDWHG E\ WKLV PHWKRG QRQFRPSOLDQW ZLWK JRRG PDQXIDFWXULQJ SUDFWLFH
*03)LQDOO\DVWKHFHOOSUHSDUDWLRQLQFOXGHVDSHULRGGXULQJZKLFKODEHOVDUHDGGHGDQG
 ?

WKHQ JLYHQ VXIILFLHQW WLPH WR FRQMXJDWH WKH WRWDO WLPH WR SHUIRUP WKH VRUW FDQ H[WHQG RYHU
VHYHUDOKRXUV
7KHUHKDYHEHHQPDQ\DWWHPSWV WRGHYHORSFHOOVHSDUDWLRQ WHFKQLTXHV WKDWDUHDIIRUGDEOH WR
EX\DQGXVHGRQRW UHTXLUH ODEHOV DQGDUH DEOH WR UHWDLQ VLJQLILFDQWQXPEHUVRI FHOOV $Q
DOWHUQDWLYHVHSDUDWLRQWHFKQLTXHLVGLHOHFWURSKRUHVLV'(3$SRODULVDEOHSDUWLFOHVXVSHQGHG
LQ D QRQXQLIRUP HOHFWULF ILHOG  LQWHUDFWV ZLWK WKH ILHOG JUDGLHQW LQGXFLQJ D GLSROH 7KH
LQWHUDFWLRQ RI GLSROH DQG ILHOG JUDGLHQW SURGXFHV GLIIHUHQW &RXORPE IRUFH RQ HLWKHU SROH
LQGXFLQJPRWLRQXSRUGRZQWKHKLJKILHOGJUDGLHQWDFFRUGLQJ WR WKHSRODULW\RI WKHGLSROH
7KHPDJQLWXGHDQGSRODULW\RIWKHGLSROHLWVHOILVJRYHUQHGE\WKHHOHFWULFDOSURSHUWLHVRIWKH
FHOOUHVLVWDQFHDQGFDSDFLWDQFHRIPHPEUDQHDQGF\WRSODVPDQGPHGLXPDQGWKHIUHTXHQF\
RIWKHHOHFWULFILHOG'(3FDQEHXVHGERWKWRFKDUDFWHUL]HDQGVHSDUDWHFHOOVDFFRUGLQJWRWKH
SDVVLYHHOHFWULFDOSURSHUWLHVZKHUHWZRFHOOW\SHVH[SHULHQFHDILHOGJUDGLHQWDWDIUHTXHQF\
VXFK WKDW RQH FHOO W\SH LV DWWUDFWHG WR WKH HOHFWURGHV RQH UHSHOOHG 7KH UHSHOOHG FHOOV SDVV
WKURXJKWKHGHYLFHXQDIIHFWHGEXWWKHRWKHUVDUHDWWUDFWHGWRDQGUHWDLQHGE\WKHHOHFWURGHV
DFWLQJDVDQ³HOHFWURVWDWLFILOWHU´:KHQWKHILHOGLVUHPRYHGWKHVHFHOOVDUHUHOHDVHGDQGFDQ
EHFROOHFWHGVHSDUDWHO\)RUH[DPSOH)LJXUHVKRZVVSHFWUDRIWZRLGHQWLFDOFHOOW\SHVVDYH
WKDWRQHKDVGRXEOHWKHPHPEUDQHFDSDFLWDQFHRIWKHRWKHU7KHKLJKOLJKWHGIUHTXHQF\UDQJH
LQGLFDWHVZKHUHRQHFHOOW\SHVH[SHULHQFHVSRVLWLYH'(3WKHRWKHUQHJDWLYH'(3VSHFWUDFDQ
EHGHWHUPLQHGE\FRPPHUFLDOGHYLFHVVXFKDVWKH'(3WHFK'(3DQGH[SORLWDEOHGLIIHUHQFHV
FDQEHUHDGLO\LGHQWLILHGE\YLVXDOLQVSHFWLRQ
'(3VHSDUDWLRQRIOLYHDQGGHDG\HDVWFHOOVZDVILUVWGHPRQVWUDWHGLQ6XEVHTXHQW
UHVHDUFK GHPRQVWUDWHG VHSDUDWLRQ RI FDQFHURXV DQG KHDOWK\ FHOOV JUDPQHJDWLYH DQG JUDP
SRVLWLYH EDFWHULD VWHP FHOO VXESRSXODWLRQV GLIIHUHQW W\SHV RI YLUXVHV RI IRU VDPSOH
SUHSDUDWLRQ ZKLOVW GLIIHUHQFHV EHWZHHQ FHOOV LQGLFDWHG WKH SRWHQWLDO IRU '(3 WR IUDFWLRQ
OHXNRF\WH VXESRSXODWLRQV  +RZHYHU IHZ DSSURDFKHV WR '(3 KDYH EHHQ DEOH WR
 ?

FRPSHWH ZLWK 0$&6 RU )$&6 LPSOHPHQWDWLRQV RIWHQ VXIIHU IURP FHOOV EHLQJ WUDSSHG LQ
LQWHUFRQQHFWLQJWXELQJGHYLFHVUHTXLULQJVPDOOFKDPEHUKHLJKWVWRHQVXUHFHOOVSDVVFORVHWR
WKHHOHFWURGHVUHVWULFWLQJWKURXJKSXWDQGXOWLPDWHO\OLPLWLQJWRWDOFHOOFDSDFLW\DQGWKHKLJK
FRVW RI PDQXIDFWXULQJ PDNLQJ LW GLIILFXOW WR PDVVSURGXFH WKH VHSDUDWRU DV D UHOLDEOH
GLVSRVDEOH FRPSRQHQW  7KHUH DUH H[FHSWLRQV WKH $SR6WUHDP PHWKRG  FDQ LVRODWH
VLJQLILFDQWQXPEHUVRIFLUFXODWLQJ WXPRUFHOOV &7&V IURPPLOOLRQQXFOHDWHGSHULSKHUDO
EORRGFHOOVLQPLQXWHVFHOOVV+XHWDOUHSRUWHGVHSDUDWLQJFHOOVSHU
VHFRQGEXWUHTXLUHGWKHXVHRIFKHPLFDOODEHOOLQJ/HHHWDOUHSRUWHGDUDWHRIFHOOVV
0DUN[HWDOSURFHVVHGOLYHDQGGHDG\HDVWFHOOVDWFHOOVPOZLWKSXULW\LQH[FHVV
VRKRZHYHUWKHWRWDOFDSDFLW\RIWKHGHYLFHZDVRQO\OOLPLWLQJRYHUDOOWKURXJKSXW
$Q DOWHUQDWLYH DSSURDFK WR '(3 VHSDUDWLRQ XVHG ' FKLSV FRQVWUXFWHG IURP LQWHUOHDYHG
FRQGXFWLQJ DQG LQVXODWLQJ VKHHWV ZLWK KROHV RU ³ZHOOV´ GULOOHG WKURXJK  7KH ILUVW
SURWRW\SHVRUWHGOLYHDQGGHDG\HDVWWRDWPOPLQ$VXEVHTXHQWGHVLJQ
LQFOXGHG UHPL[LQJE\SDVVLQJD WKURXJKPXOWLSOHZHOOVSURGXFLQJKLJKFHOO UHFRYHU\ !
EXWORZWKURXJKSXWOPLQ
7REHFRPSDUDEOH WR)$&6RU0$&6UHTXLUHVFHOOVRUWLQJDWUDWHV LQH[FHVVRIVZLWK
PLQLPDO FHOO ORVV KLJK SXULW\ ORZ FRVW DQG KLJKO\ UREXVW   +HUH ZH GHVFULEH DQ
HOHFWURSK\VLRORJ\DFWLYDWHG FHOO HQULFKPHQW (3$&( PHWKRG HPSOR\LQJ D FKLS ZLWK 
KROHV RI P GLDPHWHU GULOOHG WKURXJKD ODPLQDWHRI  FRQGXFWLQJ OD\HUV VHSDUDWHG E\
LQVXODWRUVWKRXJKZKLFKZHOOVZLWKPGLDPHWHUZHUHGULOOHG$VVKRZQLQILJXUH
WKLVFUHDWHVSDUDOOHOSDWKVWKURXJKWKHFKLSHDFKZLWKHOHFWURGHVDORQJWKHERUH7KLV
KLJKGHJUHHRISDUDOOHOL]DWLRQDQG WKHIDFW WKDWDOOFHOOVDUHQRPRUH WKDQPIURPWKH
HOHFWURGHV DOORZV YHU\ KLJK FHOO SURFHVVLQJ UDWHV ZKLOVW PLQLPLVLQJ FHOO ORVV DQG FUHDWHV
LPPXQLW\ IURPEXEEOHV ZKLFKZLOO DWZRUVW EORFNRQO\RQHFKDQQHO &RQVHTXHQWO\ WKH
V\VWHPFDQVHSDUDWHFHOOVDWUDWHVVXEVWDQWLDOO\LQH[FHVVRIFHOOVVPHDVXUHGDFURVV
 ?

DOOFHOOW\SHVVWXGLHGVHSDUDWLQJSRSXODWLRQVLQH[FHVVRIFHOOVLQWRRXWSXWUHFHSWDFOHVLQ
XQGHU  PLQXWHV ZLWK FHOO ORVVHV DV ORZ DV  DQG VHSDUDWLRQ HIILFLHQFLHV DV KLJK DV
DFKLHYLQJPRUHWKDQWLPHVKLJKHUWKURXJKSXWRISUHYLRXV'(3GHYLFHV
5HVXOWV
&HOOHQULFKPHQWXVLQJDVLQJOHSDVVSURWRFRO
7RDVVHVVVHSDUDWLRQHIILFDF\ELQDU\PL[WXUHVRIFHOOVZHUHSURFHVVHGWKURXJKWKHGHYLFHLQ
PO XQLWV SURFHVVHG DW EHWZHHQ  ±  FHOOV V WKH UHVXOWV RI ZKLFK DUH
VXPPDULVHGLQ)LJXUH/LYHDQGGHDG\HDVWVKRZHGPHDQUHFRYHU\WKHSURSRUWLRQRIFHOOV
RXWSXW LQ WKH FRUUHFW RXWOHW RI  DQG  UHVSHFWLYHO\ YROH EORRG DQG ILEUREODVWV
VKRZHGVHSDUDWLRQHIILFLHQFLHVRIDQGUHVSHFWLYHO\3XULWLHVWKHSURSRUWLRQRI
UHTXLUHGFHOOV LQ WKHRXWSXWSRSXODWLRQDW WKHRXWSXWIRU WKHDERYHSRSXODWLRQVZHUH
DQG  IRU OLYH DQG GHDG \HDVW DQG  DQG  IRU YROH 5%&V DQG ILEUREODVWV
:KLOVW WKHVH YDOXHV DUH ORZ ZKHQ FRQVLGHULQJ WKH WHFKQLTXH DV D VHSDUDWLRQ per se WKH\
UHSUHVHQWVXIILFLHQWO\KLJKYDOXHVWRFRQVWLWXWHHIIHFWLYHFHOOHQULFKPHQW,WLVDOVRVLJQLILFDQW
WKDW IRU WKH DERYH SRSXODWLRQ VRUWV WKH PHDQ FHOO ORVVHV FHOOV ZKLFK ZHUH LQSXW EXW DUH
XQDFFRXQWHGIRUDWWKHRXWSXWGXHWRGDPDJHDGKHUHQFHWRWKHHOHFWURGHVRUGHYLFHFDVLQJRU
EHLQJOHIWLQUHVLGXDOOLTXLGLQWKHGHYLFHDWWKHHQGRIWKHH[SHULPHQWZHUH
DQGUHVSHFWLYHO\7KHVHORZFHOOORVVHVDUHLPSRUWDQWIRUWZRUHDVRQVILUVWO\PXOWLSOH
SDVVHV FDQ EH XVHG WR LPSURYH SHUIRUPDQFH ZLWKRXW VLJQLILFDQWO\ GHJUDGLQJ FHOO QXPEHUV
VHFRQGO\XQOLNHPHWKRGVVXFKDV)$&6ZKHUHDVLJQLILFDQWQXPEHURIFHOOVEHLQJVHSDUDWHG
DUHGHVWUR\HGE\ WKHVHSDUDWLRQSURFHVV  WKLVSURWRFROGRHVQRWUHGXFHFHOOQXPEHU±DQ
LPSRUWDQWLVVXHZKHUHLQLWLDOFHOOQXPEHUVDUHORZ([SHULPHQWVDWDQGDQGPO
PLQ \LHOGHG VLPLODU UHVXOWV VXJJHVWLQJ WKHVH PHWULFV UHSUHVHQWHG D SODWHDX RI WUDSSLQJ
HIILFLHQF\DQGWKDWWKHGHYLFHZDVZRUNLQJZHOOZLWKLQLWVSHUIRUPDQFHOLPLW
 ?

7R DVVHVV WKH YLDELOLW\ RI FHOOV SRVWVRUW FROOHFWHG ILEUREODVWV ZHUH VXVSHQGHG LQ ILEUREODVW
JURZLQJPHGLXPGLYLGHG LQWR WZR7IODVNVDQGSODFHGLQ WKH LQFXEDWRU WRDVVHVVJURZWK
SRWHQWLDO 7KH FHOOV ZHUH REVHUYHG  DQG  GD\V DIWHU LQFXEDWLRQ DQG ZHUH IRXQG WR KDYH
DGKHUHGWRWKHIODVNDQGUHDFKHGFRQIOXHQF\UHVSHFWLYHO\$'(3VSHFWUXPRIWKHFHOOVZDV
REWDLQHGDQGDIXUWKHUSDVVDJHSHUIRUPHGWRFKHFNIRUDEQRUPDOLWLHVDQGQRQHZHUHREVHUYHG
,QRUGHUWRLGHQWLI\WKHXSSHUWKURXJKSXWOLPLWOLYH\HDVWFHOOVZHUHFDSWXUHGLQWKHGHYLFHLQ
LQFUHDVLQJ FRQFHQWUDWLRQV DV LW LV WKH IUDFWLRQ RI FHOOV H[SHULHQFLQJ SRVLWLYH '(3 WKDW DUH
OLPLWHG E\ WKH FDSDFLW\ DQG HIILFDF\ RI WKH '(3 HOHFWURGHV WKH RWKHU UHSHOOHG SRSXODWLRQ
VLPSO\ SDVVLQJ WKURXJK WKH GHYLFH XQDIIHFWHG  5HWDLQLQJ WKH PO PLQ IORZ UDWH WKH
FRQFHQWUDWLRQRIFHOOVSHUPOZDVLQFUHDVHGIURPPO WRa[[[DQG
 FHOOV PO &KLS VDWXUDWLRQ ZDV PRQLWRUHG LQ WZR ZD\V ILUVWO\ ZH PHDVXUHG WKH WRWDO
QXPEHU RI FHOOV UHWDLQHG LQ WKH FKLS DQG VXEVHTXHQWO\ UHFRYHUHG  6HFRQGO\ FHOOV ZHUH
DOLTXRWHG LQPO IUDFWLRQVDQGDQDO\VHG WRGHWHUPLQH WKHFHOO UDWLR LQRUGHU WRREVHUYH WUDS
VDWXUDWLRQ6DWXUDWLRQFDQ WKHQEHGHWHFWHGE\ WKHDSSHDUDQFHRIDKLJKHUSURSRUWLRQRI OLYH
FHOOVLQWKHRXWSXWVWUHDP$Q\VDWXUDWLRQHIIHFWZRXOGRQO\DIIHFWFHOOVFROOHFWHGE\SRVLWLYH
'(3 RQ WKH HOHFWURGHV FHOOV H[SHULHQFLQJ ]HUR RU QHJDWLYH '(3 SDVV WKURXJK WKH FKLS
XQLPSHGHG DQG DUH FROOHFWHG LQ WKH UHFHSWDFOH EHORZ DQG DV D FRQVHTXHQFH WKHUH LV QR
VDWXUDWLRQOLPLWRQVXFKFHOOV
$W FRQFHQWUDWLRQV XS WR [ PO WKH GHYLFH ZRUNHG DV IRU [ PO  :KHQ
FRQFHQWUDWLRQV RI  [  PO ZHUH XVHG WKH DOLTXRWV ZHUH QRUPDO DQG WKH PHDQ FHOO
UHFRYHU\ZDVPLOOLRQFHOOV :KHQWKHLQSXWFRQFHQWUDWLRQZDV[PO WKH
QXPEHURIFHOOVLQFUHDVHGGUDPDWLFDOO\E\RYHUDWWKHWKDOLTXRWDQGWKHPHDQWRWDO
RI UHFRYHUHG FHOOV ZDV  PLOOLRQ FHOOV ZKHQ  [  PO ZHUH XVHG WKH GHYLFH
EHFDPHVDWXUDWHGDIWHUWKHUGDOLTXRWULVLQJE\LQDOLTXRWULVLQJWR!LQDOLTXRW
DQG ODWHU DQG UHFRYHU\ LQGLFDWHG WKDW WKH WUDS FRQWDLQHG  [  FHOOV  $IWHU WKH
 ?

VHSDUDWLRQUXQZDVFRPSOHWHGWKHFHOOVFROOHFWHGLQWKHFKLSZHUHIOXVKHGDQGFRXQWHG,QWKH
WKUHHLQVWDQFHVZKHUHWKHFKLSZDVVDWXUDWHGWKHQXPEHURIFHOOVUHWDLQHGEHIRUHWKHFKLSZDV
VDWXUDWHGZLWKXSSHUOLPLWVRIDSSUR[LPDWHO\[FHOOVUHSUHVHQWLQJWKHFDSDFLW\RIWKH
FKLS
7KHGLIIHUHQFH LQ FDSDFLW\EHWZHHQ  PLOOLRQ DQGPLOOLRQ FHOOVPO LV LQWHUHVWLQJ DV LW
VXJJHVWV WKH WUDS FDSDFLW\ PD\ EH LQFUHDVHG DW KLJK FRQFHQWUDWLRQV GXH WR FHOOFHOO
LQWHUDFWLRQVKRZHYHU LWDSSHDUVFOHDU WKDWD[FHOO VRUW PLOOLRQFHOOVPOPO
WRWDO YROXPH UHSUHVHQWV WKH PD[LPXP HIIHFWLYH FHOO VHSDUDWLRQ ZKHUH WKH FHOO FRQWHQW LV
HQWLUHO\XQNQRZQWKRXJKWKLVUHSUHVHQWVWKHOLPLWRQO\RQWKHSRVLWLYH'(3IUDFWLRQDVRUWRI
PLOOLRQFHOOVH[SHULHQFLQJSRVLWLYH'(3IURPDIXUWKHU[RUPRUHH[SHULHQFLQJ
QHJDWLYH'(3ZRXOGLQSULQFLSOHEHHQWLUHO\ZRUNDEOHUDLVLQJWKHWKURXJKSXWSDVW[
FHOOVPO
+LJKYROXPHVHSDUDWLRQSHUIRUPDQFHXVLQJPXOWLSDVVSURWRFROV
:KLOVW HQULFKPHQW RQ WKLV VFDOH LV RI LQWHUHVW D VHFRQG RU WKLUG SDVV WKURXJK WKH GHYLFH
HQDEOHV WKH XVHU WR FROOHFW FHOOV WKDW ZHUH QRW UHWDLQHG LQ SUHYLRXV SDVVHV VLJQLILFDQWO\
LPSURYLQJSHUIRUPDQFH LQ D YHU\ VKRUW WLPH 7KHUH DUH WZR VWUDWHJLHV IRU PXOWLSOH VRUWLQJ
SDVVHV UHVRUWLQJ WKH HIIOX[HG DQG UHWDLQHG FHOOV UHVSHFWLYHO\+HUHZH H[DPLQH WKHVH WZR
SURWRFROVVHSDUDWHO\DWZRSDVVVWUDWHJ\UHSURFHVVLQJWKHHIIOX[HGFHOOVWRPLQLPLVHFHOOORVV
ZKLOVWPD[LPLVLQJHQULFKPHQWLQWKHVKRUWHVWSRVVLEOHWLPHDQGDWKUHHSDVVVWUDWHJ\ZKHUH
WKHFROOHFWHGFHOOVDUHUHSURFHVVHG
(QKDQFLQJ WKH QHJDWLYH '(3 SRSXODWLRQ  :H VRUWHG PL[WXUHV RI    [  FHOOV
VLPLODUWRWKHFHOOQXPEHULQDFRQIOXHQW7IODVNDWFRQFHQWUDWLRQVRI[FHOOVPO
DQG SDVVHG WKURXJK WKH (3$&( WZLFH  $IWHU HDFK UXQ WKH FKLS ZDV IOXVKHG ZLWK IUHVK
PHGLXP WR UHFRYHU FHOOV UHWDLQHG E\ SRVLWLYH '(3 EHIRUH WKH RXWSXW ZDV UHSURFHVVHG
 ? ?

1HJDWLYH'(3ZDVXVHGWRVHOHFWWKHGHDGFHOOVIURPPL[WXUHVRIOLYHDQGGHDG\HDVWFHOOVRU
5%&VIURPPL[WXUHVRI5%&VDQGILEUREODVWV WKHUHVXOWVRIZKLFKFDQEHVHHQLQ)LJXUH
$IWHU WKH VHFRQG SDVV WKH SXULW\ RI GHDG \HDVW ZDV LQFUHDVHG WR  ZKLOVW WKH 5%&
IUDFWLRQ LQFUHDVHG WR   +RZHYHU UHFRYHU\ ZDV UHGXFHG IDOOLQJ WR  DQG 
UHVSHFWLYHO\WKRXJKWKHVHDUHVWLOOVXEVWDQWLDOO\DERYHUHFRYHU\UDWHVIRU)$&6DQG0$&6
2YHUDOO FHOO ORVVHV FHOOV QRW DSSHDULQJ LQ HLWKHU RXWOHW ZHUH  DQG  ZLWK WKH
UHPDLQLQJ FHOOV DSSHDULQJ LQ WKH RWKHU ZDVWH RXWSXW  :H SRVWXODWHG WKDW WKH YDOXHV RI
VHSDUDWLRQHIILFLHQF\IRUWKHSRSXODWLRQVH[SHULHQFLQJQHJDWLYH'(3ZHUHDGYHUVHO\DIIHFWHG
E\ FHOOV EHLQJ WUDSSHG LQ WKH GHDG YROXPH EHWZHHQ WKH FKLS DQG RXWOHW ZKLFK ZHUH WKHQ
UHFRYHUHG ZLWK WKH UHWDLQHG FHOOV UDWKHU WKDQ SDVVLQJ WR WKH HIIOX[HG SRUWLRQ  ,Q RUGHU WR
YHULI\ WKLV ZH SHUIRUPHG D VHSDUDWLRQ RI PO RI 5%&ILEUREODVW FHOOV DW WKH VDPH
FRQFHQWUDWLRQ $IWHU WKHVHFRQGSDVV WKH UHFRYHU\RI5%&VZDVEURDGO\VLPLODUDW
EXWWKHSXULW\UDLVHGWR
(QKDQFLQJWKHSRVLWLYH'(3SRSXODWLRQ$QLPSRUWDQWDSSOLFDWLRQRIFHOOVHSDUDWLRQLVWKH
HQULFKPHQWRIUHODWLYHO\UDUHVXESRSXODWLRQV,QRUGHUWRXVHWKH(3$&(SODWIRUPWRHQULFK
KLJKO\ DV\PPHWULFDO FHOO FRQFHQWUDWLRQV D SDVV VWUDWHJ\ ZDV XVHG ZLWK WKH FHOO IUDFWLRQ
UHWDLQHGLQWKHHOHFWURGHVEHLQJUHWULHYHGDQGWKHQVXEMHFWWRWZRIXUWKHULWHUDWLRQVWRWDOWLPH
WDNHQFDPLQXWHV7KHFHOOVFROOHFWHGZHUHFRXQWHGDIWHUHDFKSDVVDQGWKHUDWLRRIFHOO
W\SHV ZDV GHWHUPLQHG 7KHVH UHVXOWV DUH VXPPDULVHG LQ )LJXUH   +XPDQ UHG EORRG FHOOV
ZHUHVSLNHGZLWK0'$0%EUHDVWFDQFHUFHOOVWRDILQDOFRQFHQWUDWLRQRIFDQFHU
WR5%&VDWDWRWDOFHOOFRQFHQWUDWLRQRIFD[POWRDWRWDOVDPSOHYROXPHRI
PO  &HOOV ZHUH SDVVHG WKURXJK WKH GHYLFH DW  PO PLQ $IWHU WKH FHOOV PL[WXUH KDG
FRPSOHWHGLWVILUVWSDVVWKURXJKWKHGHYLFHWKHIUDFWLRQUHWDLQHGLQWKHGHYLFHZDVUHOHDVHGLQ
PORI IUHVKPHGLXPZKLFKZDV WRSSHGXS WRPOZLWK IUHVK PHGLXPDIWHU FHOO FRXQWLQJ
6DPSOLQJLQGLFDWHGWKDWWKHFRQFHQWUDWLRQRI5%&VKDGGURSSHGWRRIWKHRXWSXW7KH
 ? ?

PORIVROXWLRQZDVWKHQVXEMHFWWRDVHFRQGSDVVDQGUHVXVSHQVLRQDWZKLFKSRLQW5%&VKDG
GURSSHG WRDQG DIWHU WKH WKLUGSDVV5%&V PDGHXSRI WKHFHOO VDPSOHZLWK
FDQFHUFHOOVIRUPLQJWKHUHPDLQLQJRIWKHFHOOVDQHIIHFWLYHUHPRYDOUDWHRIWKH5%&V
RI $W WKHHQGRI WKHSURFHVVRQDYHUDJHRI WKH LQLWLDO SRSXODWLRQRI FDQFHU
FHOOVZHUHUHFRYHUHG+RZHYHUWKRVHWKDWKDGQRWEHHQFROOHFWHGLQWKHLQLWLDOVRUWZRXOGEH
DYDLODEOH IRU UHVRUWLQJ LQ WKH ZDVWH IURP WKH SUHYLRXV SDVVHV ZKLFK FRXOG EH XVHG WR
VLJQLILFDQWO\ LQFUHDVH FHOO UHFRYHU\ LI UHTXLUHG E\ DGGLQJ DQ DGGLWLRQDO SDVV RQ WKH HOXWHG
FHOOV
'LVFXVVLRQ
$QDO\VLVRISHUIRUPDQFH
:KLOVWSXULW\RIVDPSOHDWRXWSXWLVWKHILQDODUELWHURIWKHTXDOLW\RIDVHSDUDWLRQHQULFKPHQW
PHWKRGLWLVGLIILFXOWWRXVHDVDJXLGHDVLWGHSHQGVRQWKHFRQFHQWUDWLRQRIWKHWZRFHOOW\SHV
DWWKHLQSXW,QVWHDGZHFDQORRNDWWKHFRQFHQWUDWLRQRIERWKWKHGHVLUHGDQGXQGHVLUHGFHOOV
$QDO\VLQJWKHSDVVSURWRFROWRHQULFKOLYHGHDG\HDVWDQG5%&ILEUREODVWFHOOVE\QHJDWLYH
GLHOHFWURSKRUHVLV WKHSRSXODWLRQH[SHULHQFLQJQHJDWLYH'(3KDV UHFRYHU\RIDSSUR[LPDWHO\
IRU WKHGHVLUHGFHOOVDQGIRU WKHXQGHVLUHGIUDFWLRQIRUHDFKURXQGRIHQULFKPHQW
$IWHUWZRSDVVHVWKHVHDUHDSSUR[LPDWHO\VTXDUHGVXFKWKDWDSSUR[LPDWHO\[WKHGHVLUHG
DQGXQGHVLUHGFHOOVDUHSUHVHQWDW WKHRXWSXW OHDGLQJWRDSXULW\RI 
 LQ OLQH ZLWK H[SHULPHQWDO UHVXOWV  6LPLODUO\ IRU HQULFKPHQW RI FHOOV H[SHULHQFLQJ
SRVLWLYH GLHOHFWURSKRUHVLV DFURVV WKH WKUHH URXQGV RI VHSDUDWLRQ WKH VDPH SURFHVV ZDV
REVHUYHGZLWKDQDYHUDJHRIDSSUR[LPDWHO\RI0'$FHOOVDQGRI5%&VDSSHDULQJ
DW WKH RXWSXW IRU HDFK URXQG RI HQULFKPHQW  2YHU VXFFHVVLYH SDVVHV WKLV SUHGLFWV 5%&
SURSRUWLRQVRIDQGLQOLQHZLWKREVHUYDWLRQV7KHFHOOORVVHVDUHVXIILFLHQWO\
ORZIRUWKHPWREHGLVUHJDUGHGLQWKHFDOFXODWLRQ
 ? ?

(IIHFWRI'HVLJQRQ2SWLPXP3HUIRUPDQFH
)URPRXUUHVXOWVLWLVSRVVLEOHWRLGHQWLI\ZD\VWRRSWLPLVHWKHFDUWULGJHGHVLJQDQGLQFUHDVH
VHSDUDWRUSHUIRUPDQFHE\LPSURYLQJWKHYDOXHVRIFHOOUHFRYHU\IRUWKHZDQWHGDQGXQZDQWHG
FHOOV 1RWDEO\ZKLOVWWKHSHDNYDOXHVRIUHFRYHU\DQGSXULW\DUHKLJKLWLVWKHSDVVHGFHOOV
WKDW KDYH WKH KLJKHVW SXULW\ ZKLOVW UHWDLQHG FHOOV DOZD\V KDYH WKH KLJKHVW UHFRYHU\ $V
FRQILJXUHGWKHGHYLFHFRQWDLQVWZR³GHDGYROXPHV´RIVDPSOHWKDWFDQQRWEHUHFRYHUHGDWWKH
HQGRIWKHH[SHULPHQW2QHRFFXUVGXHWRWKHXVHRIDFRQLFDOV\ULQJHSOXQJHUDWPD[LPXP
LQVHUWLRQWKHWLSRIWKHFRQHWRXFKHVWKHFKLSPORIXQVHSDUDWHGFHOOVUHPDLQVXUURXQGLQJ
WKHSOXQJHUWLS6LPLODUO\DSSUR[LPDWHO\PORISRVWVHSDUDWLRQFHOOVUHPDLQLQWKHVSDFH
EHWZHHQ WKH FKLS DQG RXWOHW &RQVLGHU D PL[WXUH RI WZR SRSXODWLRQV $ DQG % ZKHUH
SRSXODWLRQ$H[SHULHQFHVQHJDWLYH'(3DQGSDVVHV WKURXJKWKHFKLSZKLOVWSRSXODWLRQ%LV
UHWDLQHGE\SRVLWLYH'(3 WKH PL[WXUH LV FRQWDLQHG LQ DPO VDPSOH $IWHU WKH VROXWLRQ LV
SDVVHGWKURXJKPORIFHOOVUHPDLQLQWKHGHDGYROXPHOLPLWLQJPD[LPXPUHFRYHU\
RI$WR+RZHYHUSXULW\LVXQDIIHFWHGEHFDXVHRQO\WKHFHOOVZKLFKKDYHEHHQSDVVHG
WKURXJKE\WKHFKLSDUHFROOHFWHG:KHQWKHVROXWLRQKDVEHHQSURFHVVHGZHWKHQGUDZPO
LQWR WKH GHYLFH DQG UHOHDVH SRSXODWLRQ %  +RZHYHU WKH GHYLFH DOVR FRQWDLQV PO RI WKH
RULJLQDOFHOOPL[WXUHFRQWDLQLQJFHOOVIURPSRSXODWLRQ$7KLVPHDQVWKDWWKHUHFRYHU\UDWH
IRUPL[WXUH%LVDVKLJKDVFDQEHREWDLQHGVLQFHDOORIWKHFHOOVDUHLQWKHH[WUDFWHGYROXPH
EXWWKHSXULW\LVGRZQJUDGHGE\WKHSUHVHQFHRISRSXODWLRQ$FHOOVLQWKHGHDGYROXPHV,Q
HIIHFW WKHGHDGYROXPHVDFW WR WDNHFHOOPL[WXUHV LQWHQGHG IRU WKHRXWSXW IRUSRSXODWLRQ$
DQGGHSRVLW WKHP LQ WKHRXWSXW WRSRSXODWLRQ% :KLOVWD IXWXUHHPERGLPHQWRI WKHGHYLFH
FRXOGUHGXFHWKHGHDGYROXPHVE\UHGHVLJQLQJWKHSOXQJHUDQGRXWOHWSDWKZHFDQFDOFXODWH
WKHHIIHFWLYHSHDNVHSDUDWLRQE\PDWKHPDWLFDOO\UHPRYLQJWKHFHOOVLQWKHGHDGYROXPHV:H
HVWLPDWH WKDW XVLQJ WKLV DSSURDFK WKH UHFRYHU\ RI 5%&V DQG SXULW\ RI ILEUREODVWV LQ WKH
VHSDUDWLRQ GHVFULEHG DERYH ZRXOG HTXDO RU H[FHHG WKH VDPH SDUDPHWHUV IRU WKH WZR
 ? ?

SDUDPHWHUVXQDIIHFWHGE\ WKHGHDGYROXPHVZKLFK LV WRVD\ WKDWDOOSXULWLHVDQG UHFRYHULHV
ZRXOGH[FHHGIRUDWZRSDVVVWUDWHJ\
7KHGHVLJQRXWOLQHGLQWKLVSDSHULVDSURRIRIFRQFHSWEXWDQXPEHURIGHVLJQPRGLILFDWLRQV
VXJJHVWWKHPVHOYHVWRLPSURYHVLPSOLFLW\WKURXJKSXWDQGFDSDFLW\)RUH[DPSOHWKHGHYLFH
SUHVHQWHGKHUHLVORDGHGPDQXDOO\E\GUDZLQJWKHV\ULQJHSOXQJHUXSZDUGV7KLVPHDQVWKHUH
LV OLWWOH FRQWURO RI WKH IORZ UDWH GXULQJ ORDGLQJ KHQFH GXULQJ WKLV WLPH WKH FKLS LV QRW
HQHUJLVHG+RZHYHUZLWKWKHDSSOLFDWLRQRIDELGLUHFWLRQDOV\ULQJHSXPSWKDWFDQERWKSXVK
DQGSXOOLWZRXOGEHSRVVLEOHWRVHSDUDWHRQERWKGUDZDQGH[SHOF\FOHVPDNLQJVHSDUDWLRQ
VLPSOHU DQG PRUH HIILFLHQW 7KH VLQJOH LQOHW RI WKH FDUWULGJH DOVR OHQGV LWVHOI WR FRPELQLQJ
ZLWK VLPSOH OLTXLG KDQGLQJ IUDFWLRQ FROOHFWLRQ V\VWHPV DOORZLQJ DXWRPDWLRQ RI FRPSOH[
PXOWLSDVV SURWRFROV ZLWKRXW XVHU LQWHUYHQWLRQ ,W LV DOVR HYLGHQW WKDW WKH GHVLJQ SUHVHQWHG
KHUH FRXOG EH PRGLILHG WR LQFUHDVH WKURXJKSXW )RU H[DPSOH D VHFRQGFKLS LQGHSHQGHQWO\
HQHUJLVHGFRXOGEHPRXQWHGEHORZWKHILUVWWRSHUPLWDVHFRQGVWDJHRIVHSDUDWLRQWKLVFRXOG
HLWKHU EH DW WKH VDPH IUHTXHQF\ DV WKH ILUVW GRXEOLQJ WKH VHSDUDWLRQ UDWH E\ UHPRYLQJ WKH
QHFHVVLW\ IRU WZR VHSDUDWLRQ SDVVHV RU DW D GLIIHUHQW IUHTXHQF\ WR DOORZ WZRSDUDPHWHU
VRUWLQJZKLOVWUHTXLULQJQRIXUWKHUDQWLERGLHVDVZRXOGEHUHTXLUHGIRU)$&6DQG0$&6
PDNLQJ IRU D QHJOLJLEOH FRVW LQFUHDVH RYHU D VLQJOHFKLS YHUVLRQ  6LPLODUO\ WKH WKURXJKSXW
DQGWRWDOFHOOFDSDFLW\FRXOGEHLQFUHDVHGE\HQODUJLQJWKHFKLSDQGLQFUHDVLQJWKHQXPEHURI
ZHOOV WKLV FRXOG EH DFKLHYHG E\ PDNLQJ D VLQJOH HOHFWURGH GLVN ODUJHU RU RWKHUZLVH
LQFUHDVLQJ WKHQXPEHURIZHOOV)RUH[DPSOHDFKLSZLWKDFDZHOOVFRXOGSRWHQWLDOO\
VHSDUDWH XS WR  FHOOV LQ D VLPLODU  PLQXWH SHULRG SRWHQWLDOO\ DOORZLQJ VHSDUDWLRQ RQ
LQGXVWULDOVFDOHVRUFOLQLFDODSSOLFDWLRQVVXFKDVVRUWLQJRIVWHPFHOOVIURPERQHPDUURZ
&RPSDULVRQWRRWKHUVHSDUDWLRQPHWKRGV
$VGHVFULEHGHDUOLHUFHOOVHSDUDWLRQPHWKRGVUHTXLULQJPRUHVHQVLWLYLW\WKDQGHQVLW\JUDGLHQWV
FDQEHDGGUHVVHGE\ WZRPHWKRGV)$&6DQG0$&6 $KLJK WKURXJKSXW)$&6V\VWHP LV
 ? ?

H[SHQVLYHERWK)$&6DQG0$&6UHTXLUHH[SHQVLYH ODEHOVDQGFDQRQO\VHSDUDWHFHOOVRQ
WKH EDVLV RI WKLV ODEHOOLQJ  7KH (3$&( V\VWHP SUHVHQWHG KHUH VHSDUDWHV RQ WKH EDVLV RI
SK\VLFDO SDUDPHWHUV ZLWKRXW WKH QHHG IRU ODEHOV DQG ERWK WKH LQVWUXPHQWDWLRQ SXPS DQG
JHQHUDWRUDQGFRQVXPDEOHVUHTXLUHGPHGLDFKLSVDUHDQRUGHURIPDJQLWXGHOHVVH[SHQVLYH
WKDQHLWKHUPHWKRG)XUWKHUPRUHWKHV\VWHPSUHVHQWHGKHUHFRXOGEHPDQXIDFWXUHGDVDIXOO\
DVVHPEOHGVWHULOHLQWHJUDWHGFDUWULGJHZLWKQRFURVVRYHUSRVVLEOHZLWKRWKHUUHSDUDWLRQUXQV
DQGQRUHVLGXDOFKHPLFDOODEHOVWRDGYHUVHO\DIIHFWFHOOVWKLVDOORZVWKHFHOOVSURGXFHGWREH
IXOO\FRPSOLDQWZLWK*RRG0DQXIDFWXULQJ3UDFWLFH*03
&HOO WKURXJKSXW UDWHV DOVR FRPSDUH ZHOO ZLWK RWKHU PHWKRGV  +LJK WKURXJKSXW )$&6 FHOO
VRUWHUVFDQSURFHVVXSWRHYHQWVSHUVHFRQGWKRXJKDUHODWLYHO\VPDOOSURSRUWLRQRI
WKHVH PD\ DFWXDOO\ FRQWDLQ FHOOV  0$&6 LV D EXON PHWKRG UDWKHU WKDQ SURFHVVLQJ FHOOV
VHULDOO\EXW WKH WLPH WDNHQ WRSUHSDUH DQGSHUIRUPVHSDUDWLRQ LVFRPSDUDEOH WR WKHPHWKRG
SUHVHQWHGLQWKLVSDSHU6LPLODUO\WKHQXPEHURIFHOOVWREHVHSDUDWHGE\KLJKYROXPH0$&6
V\VWHPVLVFHOOVZKLOVWQRXSSHUOLPLWIRU)$&6KDVEHHQLGHQWLILHGDZLGHUHYLHZRIWKH
OLWHUDWXUH UHSRUW IHZ VWXGLHV H[FHHGLQJ  [  FHOOV EDVHOLQH (3$&( SHUIRUPDQFH LV
FRPSDUDEOH WR 0$&6 DQG EHWWHU WKDQ )$&6  )RU H[DPSOH WKH FDSDFLW\ RI WKH GHYLFH LV
DSSUR[LPDWHO\  [  \HDVW FHOOV EDODQFLQJ WKH UHODWLYHO\ VPDOO VL]H DQG KHQFH KLJKHU
SDFNLQJ GHQVLW\ RI VXFK FHOOV DJDLQVW WKH IDFW WKDW '(3 WUDSSLQJ IRUFH VFDOHV ZLWK FHOO
YROXPH D FDSDFLW\ RI ! PDPPDOLDQ FHOOV LV FHUWDLQO\ QRW XQUHDVRQDEOH  ,Q WHUPV RI
WKURXJKSXW LIZHGLYLGH WKHQXPEHURIFHOOVSURFHVVHGE\ WKH WLPH UHTXLUHG IRUD WZRSDVV
VRUWZHKDYHDQHIIHFWLYHVRUWLQJUDWHRIFHOOVSHUVHFRQGDGGLQJLQDWKLUGVRUWDVLQ
WKH FDVH RI WKH UDUH FHOO VWXG\ VWLOO JLYHV D QHWW WKURXJKSXW FRPSDUDEOH WR KLJKWKURXJKSXW
)$&6 &RQVLGHULQJ FHOO ORVV (3$&( LV VKRZQ WR EH FRPSDUDEOH WR RU EHWWHU WKDQ HLWKHU
H[LVWLQJPHWKRG,QQRFDVHZHUHPRUHWKDQRIFHOOVORVWDQGLQPDQ\FDVHVIHZHUWKDQ
 RI FHOOV ZHUH ORVW  %\ FRPSDULVRQ )$&6 W\SLFDOO\ ORVHV ! RI FHOOV WKURXJK FHOO
 ? ?

GDPDJHGXULQJGURSOHWIRUPDWLRQRUUHMHFWLRQGXHWRLQFRUUHFWVFDQQLQJSDUWLFXODUO\DWKLJKHU
IORZ UDWHV   :KHQ XVHG LQ WKUHHSDVV PRGH FHOO UHFRYHU\ ZDV ORZHU EXW WKH FHOOV QRW
LQLWLDOO\FDSWXUHGE\WKHGHYLFHZLOOEHDYDLODEOHIRUUHVRUWLQJLQWKHRXWOHWVWUHDPE\XVLQJD
PRUHFRPSOH[PXOWLSOHUXQVHSDUDWLRQVWUDWHJ\
&RPSDULQJRXUPHWKRGWRSXEOLVKHG'(3PHWKRGVWKH(3$&(SURFHVVLV[IDVWHUWKDQWKH
+XHW DO V\VWHP[ IDVWHU WKDQ WKH*XSWDHWDO V\VWHPDQG[ IDVWHU WKDQ WKH
V\VWHPSUHVHQWHGE\/HHZLWKFRPSDUDEOHRUEHWWHUFHOOUHFRYHU\DQGFHOO ORVVHV 7KH
FHOO FRQFHQWUDWLRQ DQG UHFRYHU\ ZHUH FRPSDUDEOH WR WKH 0DUN[ HW DO V\VWHP  ZLWKRXW
DGGLWLRQDO GDWD ZH FDQQRW FRPSDUH WKURXJKSXW RU FHOO ORVV $V WKHVH GHYLFHV ZHUH
PLFURIOXLGLFZHVXJJHVWWKDWWKHV\VWHPSUHVHQWHGKHUHVKRXOGEHVLJQLILFDQWO\PRUHUREXVW
ZKHUHDVWKHIXQFWLRQRISODQDUPLFURIOXLGLFGHYLFHVFDQEHFRPSURPLVHGE\WKHSUHVHQFHRID
VLQJOHEXEEOHWKHKLJKO\SDUDOOHOGHVLJQRIRXUFKLSPHDQVWKDWLIDEXEEOHDSSHDUVLWKDVQR
PRUHHIIHFWSRWHQWLDOO\EORFNLQJMXVWRQHRIWKHKROHV
8QOLNH)$&6DQG0$&6ZKLFKVRUWFHOOVRQWKHEDVLVRIVSHFLILFUHFRJQLWLRQRIPHPEUDQH
SURWHLQV'(3VHSDUDWHVRQ WKHEDVLVRIGLIIHUHQFHV LQ WKHHOHFWURSK\VLRORJ\RI WKH WZRFHOO
W\SHV7KLVRIIHUVDGYDQWDJHVRYHUWKHVHH[LVWLQJPHWKRGVDVPDQ\GLIIHUHQFHVLQFHOOW\SHV
DQGFKDQJHVLQFHOOVLQUHVSRQVHWRH[WHUQDOVWLPXOLH[KLELWFRUUHVSRQGLQJGLIIHUHQFHVLQWKH
FHOO¶V HOHFWURSK\VLRPH  ([DPSOHV KDYH LQFOXGHG WKH GLIIHUHQWLDWLRQ RI QHXUDO VWHP FHOOV
ZKHUHHOHFWULFDOFKDQJHVLQWKHPHPEUDQHDOORZVRUWLQJRIFHOOVDFFRUGLQJWRGLIIHUHQWLDWLRQ
IDWH IDU LQ DGYDQFH RI FRQYHQWLRQDO PDUNHUEDVHG PHWKRGV HJ   LQGHHG VWHP FHOO
VRUWLQJ PD\ EH DQ DUHD ZKHUH'(3EDVHG VHSDUDWLRQ PD\ GRPLQDWHRYHU H[LVWLQJ PHWKRGV
ZKLOVW'(3VHSDUDWLRQV LQ FDQFHU FHOOV KDYHEHHQ UHSRUWHG IRU VRPHGHFDGHV ERWK IRU
GLDJQRVLVDQGGHYHORSPHQWRILQWHUYHQWLRQV0DQ\RWKHUFDVHVRIGLIIHUHQWLDO'(3UHVSRQVH
KDYHEHHQLGHQWLILHGLQWKHSDVW\HDUVDQGDOOSDVWGHPRQVWUDWLRQVFDQEHSHUIRUPHGXVLQJ
WKLVSODWIRUP2QFHGLIIHUHQWLDOHOHFWURSK\VLRORJ\LVHVWDEOLVKHGE\'(3SURILOLQJLWFDQ
 ? ?

EH H[SORLWHG WKURXJK WKH XVH RI LRQ FKDQQHO EORFNHUV WR HPSKDVLVH GLIIHUHQFH DQG HQKDQFH
'(3VHSDUDWLRQ
,QFRQFOXVLRQZHKDYHSUHVHQWHGD'(3EDVHGFHOOVHSDUDWLRQWHFKQLTXHWKDWKDVDFDSDFLW\
DQGWKURXJKSXWFRPSDUDEOHWRWKHIDVWHVW0$&6DQG)$&6PDFKLQHVUHTXLUHVQRFKHPLFDO
ODEHOVRIIHUV*03FRPSDWLELOLW\VLJQLILFDQWO\ORZHUFHOOORVVDQGVLJQLILFDQWO\ORZHUFDSLWDO
DQG UXQQLQJFRVWV*LYHQ WKHRSSRUWXQLW\ WRH[SORLWGLIIHUHQFHV LQFHOO HOHFWURSK\VLRORJ\ LQ
ILHOGV VXFK DV VWHPFHOO WKHUDS\ DQG FDQFHUZHEHOLHYH WKLVRIIHUV VLJQLILFDQW SURPLVH DV D
QHZVWDQGDUGEHQFKWRSODERUDWRU\WHFKQLTXH
0DWHULDOVDQG0HWKRGV
([SHULPHQWVIROORZHGWKHVWHSVRXWOLQHGLQILJXUH7KHFDUWULGJHDQGFKLSZHUHFOHDQHGZLWK
HWKDQRO EHIRUH DVVHPEO\ 7KH FKLS PDQXIDFWXUH DQG FHOO PL[WXUHV DUH GHVFULEHG LQ WKH
6XSSOHPHQWDU\0DWHULDO$VDPSOHFRQWDLQLQJDPL[WXUHRIWKHWZRFHOOW\SHV$DQG%ZDV
ORDGHG LQWR WKH IOXLGLF FDUWULGJH E\ LQVHUWLQJ WKH WXEH LQWR WKH VROXWLRQ WKHQ PDQXDOO\
ZLWKGUDZLQJWKHSOXQJHUWRORDGWKHUHVHUYRLU7KLVZDVWKHQSODFHGLQDYHUWLFDOO\PRXQWHG
V\ULQJHSXPS5D]HO6WDPIRUG86$PD[LPXPRXWSXWRIPOPLQDQGWKHVROXWLRQZDV
SXPSHGWKURXJKWKHFKLSZKLOVWYROWDJHZDVDSSOLHGWRWKHHOHFWURGHVXVLQJVLJQDOJHQHUDWRU
-XSLWHU  %ODFNVWDU 6W ,YHV 8. FRQQHFWHG WR WKH FKLS YLD D FXVWRPPDGH DPSOLILHU
ERDUGWRVXSSO\XSWR9SSDWIUHTXHQFLHVXSWR0+]7KHRXWSXWHQULFKHGIRUSRSXODWLRQ
$ZDVFROOHFWHGLQDVHFRQGUHFHSWDFOH7KHQIUHVKVROXWLRQZDVORDGHGLQWRWKHFDUWULGJHWKH
ILHOGZDVGHDFWLYDWHGDQGWKHFKLSZDVIOXVKHGPDQXDOO\ZLWKIUHVKPHGLXPWRGLVORGJHDQG
UHFRYHUWKHFHOOVIURPSRSXODWLRQ%WKDWKDGEHHQFROOHFWHGE\SRVLWLYH'(3:KHQXVLQJD
VHFRQG SDVV RU WKLUG SDVV LW ZDV SRVVLEOH WR HQULFK HLWKHU FHOO$ RU FHOO% VDPSOHV E\
UHSHDWLQJWKHSURFHGXUHZLWKWKHHQULFKHGVDPSOHV7KHWRWDOWLPHIRUWKHWZRSDVVSURFHGXUH
ZDV XQGHU  PLQXWHV IRU \HDVW DQG XQGHU  PLQXWHV IRU 5%&ILEUREODVWV &HOOV ZHUH
 ? ?

H[SRVHGWRWKHHOHFWULFILHOGIRUDQDYHUDJHRIDSSUR[LPDWHO\PLQXWHVIRUWKHSRVLWLYH'(3
IUDFWLRQRUXQGHUVHFRQGVIRU WKHQHJDWLYH'(3IUDFWLRQ$OOH[SHULPHQWVZHUHUHSHDWHG
WKUHHWLPHV)RUWKHWKUHHSDVVH[SHULPHQWVWRHQULFKUDUHFHOOVDWWKHHQGRIWKHVHFRQGDQG
WKLUGSDVVWKHFHOOVZHUHUHFRYHUHGE\VZLWFKLQJWKHILHOGRIIPDQXDOO\SXOOLQJWKHSOXQJHUXS
VOLJKWO\DVSLUDWLQJDLU LQWR WKH IOXLGLF FDUWULGJHDQGH[SHOOLQJ WKH UHWDLQHGFHOOV LQ WKH VPDOO
VDPSOHYROXPHWKDWLVVWLOOZLWKLQWKHFKLS6HSDUDWLRQVZHUHHYDOXDWHGIRUFHOOUHFRYHU\WKH
SURSRUWLRQRIGHVLUHGFHOOVZKLFKDUULYHDWWKHFRUUHFWRXWOHWSXULW\WKHSURSRUWLRQRIGHVLUHG
FHOOVLQDJLYHQRXWOHWDQGFHOOORVVWKHQXPEHURIFHOOVZKLFKDUHXQDFFRXQWHGIRUDWWKHHQG
RIWKHVHSDUDWLRQ7KHQXPEHURIPLVVLQJFHOOVZDVREWDLQHGE\VXEWUDFWLQJWKHµSDVVHG¶DQG
µUHFRYHUHG¶SRSXODWLRQVIURPWKHLQLWLDOQXPEHURIFHOOV
'(3VSHFWUDRILQGLYLGXDOFHOOW\SHVZHUHPHDVXUHGXVLQJD'(3WHFK'(38FNILHOG8.
DQGDVHSDUDWLRQIUHTXHQF\PLGZD\EHWZHHQWKHFURVVRYHUIUHTXHQFLHVWKHIUHTXHQF\RQWKH
'(3VSHFWUXPZKHUHWKHUHVSRQVHFURVVHV]HURIRUWKHWZRFHOOW\SHVWREHVHSDUDWHGIRUWKH
OLYHGHDG\HDVW PL[WXUH0+]ZDV VHOHFWHG IRU WKH ILEUREODVW5%& PL[WXUH N+]ZDV
VHOHFWHGDQGIRU WKH0'$5%&PL[WXUHN+]ZDVXVHG &HOOVLQRXWSXWPL[WXUHVZHUH
HLWKHULGHQWLILHGE\WKHXVHRI7U\SDQEOXHOLYHDQGGHDG\HDVWRUE\YLVXDOLQVSHFWLRQRIWKH
PRUSKRORJLFDOO\TXLWHGLIIHUHQW5%&VDQGILEUREODVWV0'$V

$FNQRZOHGJHPHQWV
:H ZLVK WR WKDQN 0U 'DYLG *RXOG DQG 0U 5RZDQ /RQVGDOH IRU WKHLU DVVLVWDQFH LQ
FRQVWUXFWLQJWKHV\VWHPDQG'(3WHFKIRUIXQGLQJWKHPDQXIDFWXUHRIWKHFKLSV

 
 ? ?

5()(5(1&(6
 (QJOLVK'$QGHUVHQ%5 6LQJOHVWHS VHSDUDWLRQRI UHGEORRGFHOOVJUDQXORF\WHV
DQG PRQRQXFOHDU OHXNRF\WHV RQ GLVFRQWLQXRXV GHQVLW\ JUDGLHQWV RI )LFROO+\SDTXH J. 
Immunol. Meth
 7RPOLQVRQ0-7RPOLQVRQ6<DQJ;%.LUNKDP-&HOOVHSDUDWLRQ7HUPLQRORJ\
DQGSUDFWLFDOFRQVLGHUDWLRQVJ. Tissue Eng.
 %RQQHU:$+XOHWW+56ZHHW5*+HU]HQEHUJ/$)OXRUHVFHQFH$FWLYDWHG&HOO
6RUWLQJRev. Sci. Instrum.
 0LOWHQ\L 6 0XOOHU : :HLFKHO : 5DGEUXFK $  +LJK *UDGLHQW 0DJQHWLF &HOO
6HSDUDWLRQ:LWK0$&6Cytometry
 (PDG$'URXLQ5(YDOXDWLRQRIWKHLPSDFWRIGHQVLW\JUDGLHQWFHQWULIXJDWLRQRQ
IHWDO FHOO ORVV GXULQJ HQULFKPHQW IURP PDWHUQDO SHULSKHUDO EORRG Prenatal Diagnosis

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)LJXUH/HJHQGV
)LJXUH'(3VSHFWUDRIWZRDUELWUDU\FHOOW\SHVZKRVHSURSHUWLHVDUHLGHQWLFDOVDYHIRURQH
EOXHOLQHKDYLQJDPHPEUDQHFDSDFLWDQFHWZLFHWKDWRIWKHRWKHUUHGOLQH,QWKHIUHTXHQF\
EDQG KLJKOLJKWHG WKH SRODULVDELOLWLHV DQG KHQFH GLUHFWLRQ RI IRUFH RI WKH WZR FHOOV LV
GLIIHUHQWHQDEOLQJWKHFHOOVWREHVHSDUDWHG
)LJXUHD$SKRWRJUDSKRIWKH'(3VHSDUDWLRQFKLS7KHFKLSLVPP[PPLQVL]H
7KHLQVHWVHFWLRQUHGVKRZVDFORVHXSRIWKHFKLSVKRZLQJWKHHOHFWURGHVDORQJWKHLQVLGH
RI WKH ZHOOV  7KH VHFWLRQ RI WKH FKLS LQ WKH LPDJH LV DSSUR[LPDWHO\ PP VTXDUH  E $
VFKHPDWLF RI FKLS VKRZLQJ WKH WKUHH PRGHV RI '(3 EHKDYLRXU  &HOOV IORZ IURP WRS WR
ERWWRP WKURXJK WKHZHOOV LQ WKH OHIWZHOO FHOOVFDQEHVHHQH[SHULHQFLQJSRVLWLYH'(3DUH
DWWUDFWHGWRWKHHOHFWURGHVDQGKHOGLQWKHFHQWHUZHOOFHOOVH[SHULHQFHQHJDWLYH'(3DQGDUH
UHSHOOHG LQWR WKHFHQWUHRI WKHZHOO DQGSDVV WKURXJK ,Q WKH WKLUGZHOOFHOOVH[SHULHQFHQR
'(3IRUFH,QUHDOLW\FHOOVRIWKHVDPHW\SHZLOOH[SHULHQFHWKHVDPHPRGHRIEHKDYLRXULQ
DOOZHOOVRQWKHFKLSEXWWZRGLIIHUHQWFHOOSRSXODWLRQVFDQH[KLELWGLIIHUHQWEHKDYLRUVWRHDFK
 ? ?
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RWKHU ,I RQH VXESRSXODWLRQ H[SHULHQFHV SRVLWLYH '(3 DQG WKH RWKHUV H[KLELW QHJDWLYH RU
QHXWUDO EHKDYLRXU WKH\ FDQ EH VHSDUDWHG F 7KH FKLS LV ORDGHG LQWR D IOXLGLF FDUWULGJH
FRPSULVLQJWZRSDUWVDQXSSHUSDUW%FRQWDLQVERWKKRXVLQJDQGSOXQJHUZKLOVWDORZHUSDUW
$FROOHFWVWKHFHOOVROXWLRQ7KHFKLSILWVEHWZHHQWKHWZRVHDOHGRQERWKVLGHVE\2ULQJV
DQGLVFODPSHGWRJHWKHUE\WKUHH$OOHQEROWV 
)LJXUH7KHDYHUDJHQ UHVXOWVRIWKHHQULFKPHQWRIPL[WXUHVRIDOLYHDQGGHDG\HDVW
DQGE5%&VDQGILEUREODVWVVKRZLQJWKHWRWDOFHOOQXPEHULQHDFKFDVH³,QLWLDO´UHIHUVWR
WKH QXPEHUV DW WKH VWDUW RI VHSDUDWLRQ ³3DVVHG´ UHSUHVHQWV WKH FHOOV FROOHFWHG GXULQJ WKH
VHSDUDWLRQ ³5HFRYHUHG´ UHSUHVHQWV WKRVH FHOOV FROOHFWHGE\ SRVLWLYH'(3DQG VXEVHTXHQWO\
UHPRYHGDQG³/RVW´ LV WKRVHXQDFFRXQWHGIRU &HOOVZHUHSURFHVVHG WKURXJK WKHGHYLFHDW
DSSUR[LPDWHO\PLOOLRQFHOOVLQPOSHUPLQXWH
)LJXUH7KHDYHUDJHQ UHVXOWVRIDVHFRQGVWDJHRIVHSDUDWLRQRIPL[WXUHVRIDOLYHDQG
GHDG\HDVWDQGE5%&VDQGILEUREODVWVVKRZLQJWKHWRWDOFHOOQXPEHULQHDFKFDVH)RUWKH
VHFRQG VWHS WKH FHOO SRSXODWLRQ H[SHULHQFLQJ QHJDWLYH GLHOHFWURSKRUHVLV ZDV UHSURFHVVHG
³,QLWLDO´UHIHUVWRWKHQXPEHUVDWWKHVWDUWRIVHSDUDWLRQ³2XWOHW´UHSUHVHQWVWKHFHOOVFROOHFWHG
GXULQJ WKH VHSDUDWLRQ ³:DVWH´ UHSUHVHQWV WKRVH FHOOV FROOHFWHG E\ SRVLWLYH '(3 DQG
VXEVHTXHQWO\ UHPRYHGDQG³/RVW´ LV WKRVHXQDFFRXQWHGIRU &HOOVZHUHSURFHVVHG WKURXJK
WKHGHYLFHDWPOSHUPLQXWHZLWKDQ LQLWLDOFHOOFRQFHQWUDWLRQRIDSSUR[LPDWHO\PLOOLRQ
FHOOVPO
)LJXUH(QULFKPHQWRI0'$FDQFHUFHOOVFDQFHUFHOOVIURP5%&VDWDQLQLWLDOUDWLRRI
DYHUDJH Q  UHVXOWV XVLQJ D WKUHHSDVV SURWRFRO D 7KH SHUFHQWDJH RI 5%& FHOOV LQ WKH
VDPSOHSHUUXQE7KHPHDQQ RYHUDOOUHFRYHU\RIWKHWZRFHOOW\SHVDIWHUHDFKVWDJH
WKH UHFRYHU\ RI 5%&V UHDFKHV D  VXJJHVWLQJ WKDW WKH FDQFHU FHOOV KDYH EHHQ
VLJQLILFDQWO\HQULFKHG
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)LJXUH$VFKHPDWLFVKRZLQJWKHVHSDUDWLRQSURFHGXUHZKLFKLVGLYLGHGLQWRWKUHHVWHSV,Q
VWHSDPL[WXUHRIFHOOV LQGUDZQLQWR WKHV\ULQJH WKURXJKWKHFKLS ,QVWHS WKHFKLS LV
DFWLYDWHG DQG FHOOV DUH H[SHOOHG DW W\SLFDOO\  PO PLQ 2QH FHOO W\SH LV UHWDLQHG LQ WKH
HOHFWURGHV ZKLOVW WKH RWKHU LV HOXWHG  ,Q VWHS  DIWHU WKH VROXWLRQ LV IXOO\ H[SHOOHG IUHVK
PHGLXPLVGUDZQLQWRWKHGHYLFHDQGH[SHOOHGPDQXDOO\DWDKLJKHUUDWHZKLOVWWKHUHWDLQLQJ
ILHOGLVGHDFWLYDWHGDOORZLQJWKHUHWDLQHGFHOOVWREHFROOHFWHG
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&HOOV
Live and dead yeast.<HDVWZDVJURZQXVLQJ7HVFR¶VIUHH]HGULHGEDNHU¶V\HDVWJURZQLQD
\HDVW H[WUDFW SHSWRQH GH[WURVH <3' PHGLXP 6LJPD$OGULFK 8. VHW RYHUQLJKW LQ DQ
LQFXEDWRUDW&<HDVWFHOOVZHUHNLOOHGE\WUDQVIHUULQJOLYH\HDVW LQ<3'PHGLXPWRDQ
LQFXEDWRUVHWWR&IRUKUV<HDVWZDVZDVKHGDQGVXVSHQGHGLQ',ZDWHUEHIRUHXVHLQ
H[SHULPHQWV FRQGXFWLYLW\ZDV QRW IL[HG EXWZDV DW RU EHORZ P6P W\SLFDOO\  
P6P
Rodent Fibroblasts and Red Blood Cells. 7 PRXVH ILEUREODVWV NLQGO\ GRQDWHG E\ 'U
$QGUHZ/LX8QLYHUVLW\RI0HPSKLV86$ZHUHFXOWXUHGLQDQLQFXEDWRUVHWDW&DQG
&2 LQJURZWKPHGLXP&HOOVZHUHFXOWXUHG LQ'0(06LJPD$OGULFK8.ZLWK WKH
DGGLWLRQ RI  )HWDO %RYLQH 6HUXP )LVKHU 6FLHQWLILF P0 VRGLXP S\UXYDWH 6LJPD
$OGULFK 8.  SHQLFLOOLQVWUHSWRP\FLQ 6LJPD$OGULFK 8.   $GXOW FRPPRQ YROHV
ZHUHVRXUFHGIURPWKH8QLYHUVLW\RI6XUUH\¶VEUHHGLQJFRORQ\LQWKH8.ZKLFKZDVEDVHGRQ
DQLPDOV NLQGO\ GRQDWHG E\ 3URIHVVRU *HUNHPD 8QLYHUVLW\ RI *URQLQJHQ 7KH 1HWKHUODQGV
66 :KROH YROH EORRG PO ZDV FROOHFWHG IROORZLQJ SXEOLVKHG SURWRFROV 6 XVLQJ
FDUGLDF SXQFWXUH DQG FROOHFWHG LQ KHSDULQ FRDWHG WXEHV &ROOHFWLRQ ZDV IROORZHG E\ 5%&
LVRODWLRQWKRXJKWKUHHLGHQWLFDOFHQWULIXJDWLRQVWHSVPLQXWHVJ&HDFKIROORZHG
E\UHVXVSHQVLRQRIWKH5%&FRQWDLQLQJSHOOHWLQ3KRVSKDWH%XIIHUHG6DOLQH)LQDOO\WKHWZR
FHOO W\SHV ZHUH PL[HG DQG UHVXVSHQGHG LQ '(3 PHGLXP FRPSULVLQJ GHLRQLVHG ZDWHU
VXSSOHPHQWHG ZLWK   VXFURVHGH[WURVH 6LJPD$OGULFK 8. ZKLFK ZHUH WKHQ
ZDVKHGDQGUHVXVSHQGHGLQ'(3PHGLXP7KHPHGLXPKDGDVLPLODUFRQGXFWLYLW\WRWKH',
ZDWHUVDPSOHGHVFULEHGDERYH
Human cancer and red blood cells.+XPDQEORRGZDVFROOHFWHGIURPGRQRUVDWWKH8QLYHUVLW\
RI6XUUH\DQG5%&VZHUHLVRODWHGIROORZLQJSXEOLVKHGSURWRFROV67KH5%&VZKLFKZHUH
WKHQZDVKHGWZLFH LQ'(3PHGLXPFRQVLVWLQJRIZYVXFURVHZYGH[WURVH
0 &D&O DQG 0 0J&O  0'$0% FHOOV ZHUH FXOWXUH LQ 0(0 PHGLXP
6LJPD$OGULFK 8. VXSSOHPHQWHG ZLWK  KHDW LQDFWLYDWHG IRHWDO ERYLQH VHUXP )%6
,QYLWURJHQ 8. P0 /*OXWDPLQH DQG  SHQLFLOOLQVWUHSWRP\FLQ 6LJPD$OGULFK 8.
7KH FHOOV ZHUH JURZQ LQ 7 IODVNV LQ D VWDQGDUG FHOO FXOWXUH LQFXEDWRU DW  &2 
KXPLGLILHG DLU DW  & DQG VXEFXOWXUHG HYHU\  K ZKHQ  FRQIOXHQW 7R SUHSDUH IRU
H[SHULPHQW0'$0%FHOOVZHUHZDVKHG WZLFH LQDPHGLXPFRQVLVWLQJRIZY
VXFURVH  ZY GH[WURVH 0 &D&O DQG 0 0J&O DQG VXSSOHPHQWHG ZLWK
1D2+WRS+RI7KHPHGLXPFRQGXFWLYLW\ZDVDGMXVWHGXVLQJ3%6WRP6P
Preparation of Mixtures&HOOVDPSOHVZHUHSUHSDUHGE\FRXQWLQJXVLQJ1DQR(Q7HN&FKLS
GLVSRVDEOH KDHPRF\WRPHWHU /DEWHFK 8FNILHOG 8. PL[LQJ WR REWDLQ DQ DSSUR[LPDWHO\
 UDWLR WKHQ UHPHDVXUHG 7KH VWRFN RI OLYH DQG GHDG \HDVW ZDV IRXQG WR FRQWDLQ 
PLOOLRQ OLYH FHOOV DQG  PLOOLRQ GHDG FHOOV ZKLFK ZDV SURFHVVHG DV  PO VDPSOHV D
FRQFHQWUDWLRQ RI  PLOOLRQ FHOOV PO  9ROH ILEUREODVWV DQG 5%&V ZHUH PL[HG DQG WKH
UHVXOWDQW PL[WXUHZDV PHDVXUHG WR FRQWDLQ PLOOLRQ ILEUREODVWV DQG  PLOOLRQ 5%&V LQ
HDFKRIWKUHHPODOLTXRWVDWRWDOFRQFHQWUDWLRQRIPLOOLRQFHOOVPO$POVDPSOHRI
PLOOLRQ ILEUREODVWV DQG  PLOOLRQ 5%&V ZDV DOVR SUHSDUHG +XPDQ UHG EORRG FHOOV
ZHUHVSLNHGZLWK0'$0%EUHDVWFDQFHUFHOOVWRDILQDOFRQFHQWUDWLRQRIFDQFHU
WR5%&VDWDWRWDOFHOOFRQFHQWUDWLRQRIFD[POWRDWRWDOVDPSOHYROXPHRI
PO
'HYLFH)DEULFDWLRQ
7KH GHYLFH FRPSULVHG WKUHH SULQFLSDO SDUWV D IOXLGLF FKLS D FDVLQJ DQG WKH VXSSRUW
LQVWUXPHQWLQFOXGLQJSULQFLSDOO\DVLJQDOJHQHUDWRUDPSOLILHUDQGV\ULQJHGULYHU7KHFKLS
FRPSULVHGWHQOD\HUVRIPWKLFNFRSSHUVHSDUDWHGE\PWKLFNJODVVILEUHUHLQIRUFHG
HSR[\)5 OD\HUVZLWK WZRIXUWKHUPWKLFNFRSSHU OD\HUVDW WKH WRSDQGERWWRP$OO
FRSSHU OD\HUV ZHUH SDWWHUQHG LQ D FLUFOH VOLJKWO\ ODUJHU WKDQ WKH DUHD WKURXJK ZKLFK WKH
VHSDUDWLRQ ZHOOV ZHUH GULOOHG WR PLQLPLVH RYHUODS DQG DVVRFLDWHG FDSDFLWLYH ORVVHV  
ZHOOVZLWKDPGLDPHWHUZHUHGULOOHG LQ DKH[DJRQDOSDWWHUQDW WKHFHQWUHRI WKH FKLS
ODUJHU KROHV IRU DVVHPEO\ DQG FRQWDFWV ZHUH SODFHG DW WKH SHULPHWHU RI WKH FKLS  ([SRVHG
FRSSHU DUHDV ZHUH JROGSODWHG WR PDLQWDLQ VWDELOLW\ DQG ELRFRPSDWLELOLW\ 7KH FKLS ZDV
KRXVHG LQ D FDUWULGJH PDFKLQHG IURP 300$ ZKLFK FRPSULVHG D UHVHUYRLU FRQWDLQLQJ D
V\ULQJHSOXQJHUIURPDPOV\ULQJHDFKLSKROGHUDQGDQRXWOHW7KHFKLSIRUPHGWKHEDVH
RIWKHUHVHUYRLUVXFKWKDWZKHQWKHSOXQJHUZDVSXVKHGFHOOVZHUHDEOHWRIORZWKURXJKDOO
 KROHV %HORZ WKH FKLS D FROOHFWLRQ FRQH IXQQHOOHG WKH VXVSHQVLRQ LQWR D PP
GLDPHWHURXWOHW WXEH WRDFROOHFWLRQUHFHSWDFOH7KHFKLSZDVPRXQWHGEHWZHHQWRSF\OLQGHU
DQG ERWWRP FRQH RI WKH DVVHPEO\ DQG VHFXUHG XVLQJ $OOHQ EROWV ZLWK D ZDWHUWLJKW VHDO
SURYLGHGE\WZRPPGLDPHWHU2ULQJV
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